PlioMIP2 simulations are completed with three versions of Earth System Models from 7 the NCAR family 8 • Simulated mid-Pliocene climate features greater changes in many climate metrics relative 9 to preindustrial in the newer models 10 • The newer models show greater Earth System Sensitivity and match paleo-observations 11 better than the old model 12 Abstract 13 Three new equilibrium Mid-Pliocene (MP) simulations are implemented with the 14 Community Climate System Model version 4 (CCSM4), Community Earth System Model version 15 1.2 (CESM1.2), and 2 (CESM2). All simulations are carried out with the same boundary and 16 forcing conditions following the protocol of Pliocene Model Intercomparison Project Phase 2. 17 These simulations reveal amplified MP climate change relative to preindustrial going from 18 CCSM4 to CESM2, seen in global mean and polar amplification of surface warming, sea ice 19 reduction in both Arctic and Antarctic, and weakened Hadley circulation. The enhanced global 20 mean warming arises from both enhanced Earth System Sensitivity (ESS) and Equilibrium Climate 21 Sensitivity (ECS) to CO2 forcing. ESS is amplified by up to 70% in CCSM4, and up to 100% in 22 CESM1.2 and CESM2 relative to ECSs of respective models. Simulations also agree on the 23 strengthened Atlantic Meridional Overturning Circulation, but disagree on several other climate 24 metrics. Compared to preindustrial, CCSM4 features small increase in both low and high cloud 25 cover and no change in the mean climate state of the equatorial Pacific. Whereas, both CESM1.2 26 and 2 show reduction of cloud cover at all heights, and an anomalous El Niño-like state of the 27 equatorial Pacific. The performances of MP simulations are assessed with a new compilation of 28 paleo-observations of sea surface temperature (SST). CESM1.2 and 2 show better skills than 29 CCSM4 in simulating MP global mean warming and amplified SST warming in the northern 30 middle and high latitudes, supporting the amplified ESS compared to the CCSM4. 31 Plain Language Summary 32 Our knowledge of past climate evolves with both new paleo-observations and new 33 advancements in modeling past climates. Using mid-Pliocene (3.205 Millions of years ago) as an 34 example, we demonstrate how to implement geological reconstructions of past topography, 35 bathymetry, and vegetation distribution in Earth System Model (ESM) simulations, how to 36 initialize these experiments, and finally, the new knowledge learnt from the newer versions of the 37 ESMs. In our simulations with a 400 ppm CO2, when millennial time-scale changes of biome 38 range, ocean circulation, and ice sheet are considered, the mid-Pliocene Earth system warms 39 substantially more than the estimates that do not consider these changes. The simulated mid-40 Pliocene climate features strongly amplified polar warmth, massive loss of Arctic and Antarctic 41 summer sea ice, and weakened northern hemispheric cell of the Hadley circulation. More 42 Confidential manuscript submitted to Journal of Advances in Modeling Earth Systems 3 intriguingly, the newer ESMs are more sensitive to CO2 and prescribed millennial time-scale 43 changes in boundary conditions than the old model, yet they match paleo-observations much 44
less cloud cooling effect in response to surface warming (Gettelman, Kay, & Shell, 2012) . CESM1 92 also has a higher equilibrium climate sensitivity (ECS) of 4 K per doubling of CO2 (Gettelman, 93 Kay, & Fasullo, 2013). ECS is 3.2 K in CCSM4 (Bitz et al., 2012) . In published CESM1.2 94 PlioMIP1 simulations, the capability of simulating aerosol cloud interactions and the removal of 95 anthropogenic pollutants are shown to substantially amplify the Arctic warmth . 96 The combined changes of atmospheric physics in CESM1.2 also produce an anomalous El Niño-97 like equatorial Pacific response in CESM1.2 PlioMIP1, which is not featured in CCSM4 PlioMIP1 98 (Tierney, Haywood, Feng, Bhattacharya, & Otto-Bliesner, 2019). 99 From CESM1 to CESM2, substantial updates are made to all model components 100 (Danabasoglu, Lamarque, & Bachmeister, et al., 2019) . In particular, the new land model features 101 substantial changes in both CO2 and nitrogen fertilization (Fisher et al., 2019) . Parameterizations 102 of planetary boundary layer and shallow convection are now unified with the Cloud Layers Unified by Bi-Normals Parameterization (CLUBB) (Bogenschutz et al., 2013 ). Sea ice model has now 104 included the mushy layer physics (Turner & Hunke, 2015) . ECS has increased again to 5 K per 105 doubling of CO2 (Gettelman et al., 2019) . 106 In this study, we document the implementation of this new set of MP boundary conditions 107 in three generations of models from the same lineage: CCSM4, CESM1.2, and CESM2, and 
Analysis of results

296
MP climate change is quantified as the averaged differences of the last 100-year model 297 simulations between the MP and PI runs using the same model. We calculate a series of climate 298 metrics to quantify large-scale climate change. Model definitions or references of these metrics 299 are provided in Table 2 . (Table 3) . Global mean surface air temperature rises by 325 2.7 to 5.2°C relative to PI. In the tropics, surface warming is between 1.5 to 3.7°C, 55% to 70% of 326 the global mean warming. SST increases by 1.7 to 3.9°C globally with 1.4 to 3.4°C increase in the 327 tropics, ~82% to 87% of the global mean. Surface warming (both in the air temperature and SST) 328 is strongly amplified towards the high latitudes with greater amplification in the northern high 329 latitudes than the southern high latitudes. This warming pattern is consistent with previous findings 330 of PlioMIP1 (Haywood, Hill, et al., 2013c ) and paleo-observations (Dowsett et al., 2012) . 331 Moreover, our MP simulations feature substantial reduction in annual sea ice by 50.6% to 73.7% 332 in the Arctic, and 31.6% to 81% in the Antarctic. In particular, Arctic Ocean is sea ice free during 333 the boreal summer (August to October) in CESM1.2 and CESM2. Antarctic Ocean is nearly austral 334 summer (February to April) sea ice free in CESM2 ( Fig. 6) (Table 3) . is consistent (within 0.1) among all MP 349 simulations over this region despite enhanced Antarctic warming from CCSM4 to CESM2 (Table   350 3). 
Precipitation and cloud
Global mean annual precipitation increases by 5.3% to 11.2% in MP simulations (Table   354   4 ). Relative precipitation increase to per degree of global mean surface warming is around 2%, by these experiments (Table 2) . 456 We argue that the amplified warming among MP experiments reflects enhanced ESS going 457 from CCSM4 to CESM2. In our simulations, vegetation and ice sheet are prescribed based on 458 geological reconstructions of "true" equilibrium earth system, and hence, are part of the ESS. The second-order polynomial fit is also applied to simulated latitudinal distribution of SST 543 anomalies relative to PI gathered from the paleo-SST sites (∆SSTmodel). The fit to the ∆SSTmodel 544 shows latitudinally more uniform warming than the fit to ∆SSTmodel. Among simulations, 545 CESM1.2-MP and CESM2-MP ( Fig. 12b and c) show more enhanced SST warming in the 546 northern high latitudes than the CCSM4-MP, providing a closer match to the spatial structure of 547 ∆SSTobs (Fig. 12a ). 548 Nonetheless, there is large zonal heterogeneity of ∆SSTobs. Accounting for this zonal 549 heterogeneity gives a wide 95% confidence interval of the polynomial fit, which encloses 32 out 550 of 37 ∆SSTmodel of CESM1.2 and 34 out of 37 ∆SSTmodel of CESM2 ( Fig. 12b and c) . 551 Consequently, we cannot rule out the possibility that SST warming structures in CESM1.2 MP 552 and CESM2 MP are statistically similar to paleo-observations. In contrast, nearly half of the 553 Figure 12 Second order polynomial fit of the SST anomalies at paleoobservation sites as a function of sine latitude. Anomalies are departures from the preindustrial SSTs. Black: second order polynomial fit to paleoobservations and 95% likelihood prediction interval. Blue: second order polynomial fit to model simulations.
∆SSTmodel from CCSM4 MP is outside the 554 confidence interval of paleo-observations, 555 suggesting a lack of fit ( Fig. 12a) . 556 Fig. 13 Modelling do for you? Earth Systems and Environment, 3(1), 1-18. 746 Haywood, A. M., Valdes, P. J., Aze, T., Barlow, N., Burke, A., Dolan 
